The maintenance of stem or progenitor cell fate relies on intrinsic factors as well as local cues from the cellular microenvironment and systemic signaling. In the lymph gland, an hematopoietic organ in Drosophila larva, a group of cells called the Posterior Signaling Centre (PSC), whose specification depends on the EBF transcription factor Collier (Col) and the HOX factor Antennapedia (Antp), has been proposed to form a niche required to maintain the pool of hematopoietic progenitors (prohemocytes). In contrast with this model, we show here that genetic ablation of the PSC does not cause an increase in blood cell differentiation or a loss of blood cell progenitors. Furthermore, although both col and Antp mutant larvae are devoid of PSC, the massive prohemocyte differentiation observed in col mutant is not phenocopied in Antp mutant. Interestingly, beside its expression in the PSC, Col is also expressed at low levels in prohemocytes and we show that this expression persists in PSC-ablated and Antp mutant larvae. Moreover, targeted knockdown and rescue experiments indicate that Col expression is required in the prohemocytes to prevent their differentiation. Together, our findings show that the PSC is dispensable for blood cell progenitor maintenance and reveal the key role of the conserved transcription factor Col as an intrinsic regulator of hematopoietic progenitor fate.
D
eciphering the regulatory mechanisms underlying blood cell homeostasis is a central question as deregulation of this process causes numerous diseases. Blood cells arise from a common multipotent progenitor whose development is tightly controlled to allow on the one hand the maintenance of a pool of progenitors and on the other hand the balanced production of the different hematopoietic lineages (1) . This equilibrium is controlled both by intrinsic genetically-encoded determinants and by extrinsic cues such as infection (2) . Several features of blood cell development and function appear well conserved during evolution and one Drosophila melanogaster larval hematopoietic organ, the lymph gland (LG), has emerged as a powerful model to study in vivo the relationships between multipotent hematopoietic progenitors, their differentiated progeny and regulatory (micro)environmental cues (3) . The LG is a bilaterally symmetrical organ that originates from the thoracic segment of the embryonic mesoderm (4, 5) . During the first two larval instars, the LG primarily harbors stem-like progenitor blood cells that actively divide (5, 6) . In third instar larva, the LG is composed of one pair of primary/anterior lobes and several smaller posterior lobes. Although the posterior lobes chiefly contain quiescent blood cell progenitors (prohemocytes), the primary lobes are organized in three compartments: the medullary zone (MZ), the cortical zone (CZ), and the posterior signaling center (PSC) (7) . The MZ comprises prohemocytes, whereas the CZ contains maturing and differentiated hemocytes (plasmatocytes, crystal cells and, under certain conditions such as infection by parasitoid wasps, lamellocytes). Several conserved molecules and signaling pathways controlling LG homeostasis have been identified, highlighting that Drosophila blood cell progenitor fate is tightly controlled during development and is responsive to specific stimuli such as parasitic wasp infestation or food deprivation (3) .
These studies also revealed the role of the PSC as a hematopoietic niche, i.e., a specialized cellular microenvironment that allows stem/progenitor cells to maintain their identity (8) . The PSC is a small cluster of ∼50 cells localized at the posterior tip of each primary lobe (9) . PSC development requires the transcription factors Collier (Col), a member of the Early B-cell Factor (EBF) family, and Antennapedia (Antp), a Hox protein (10, 11) . col expression initially encompasses all primary lobe precursors before being restricted to the PSC in late embryos (12) , where Antp is required for col maintenance (11) . Interestingly, col mutant larvae lack a PSC and exhibit a premature differentiation of all LG prohemocytes (10, 11) . In addition, PSC cells extend long cytoplasmic processes toward the MZ, express Hedhehog (Hh) and inhibition of this signaling pathway in the MZ increases hemocyte differentiation (11) . It was thus proposed that the PSC provides a microenvironment that supports hematopoietic progenitor maintenance in the LG (10, 11) . In line with this model, increasing or decreasing PSC size/activity can, respectively, impede or promote hemocyte differentiation (11, (13) (14) (15) (16) (17) (18) (19) . However, differentiated hemocytes are frequently observed close to the PSC, and it is unclear how progenitor fate is maintained in the posterior lobes, which are far apart and physically separated from the PSC.
Significance
Blood cell homeostasis relies on the maintenance of a pool of progenitors and the production of the different hematopoietic lineages. How this equilibrium is regulated by intrinsic genetic programs and extrinsic environmental cues is a key question. Here, we reveal the central role of the conserved EBF transcription factor Collier in the control of Drosophila larval blood cell fate. Notably, besides its function in the development of a small set of cells that are required for blood cell differentiation in response to infection by parasitic wasps, we show that Collier directly promotes hematopoietic progenitor maintenance. Our results provide a better understanding of the regulation of Drosophila hematopoiesis and open new perspectives concerning the role of EBF factors in mammals.
In contrast with the current model, we show here that genetic ablation of the PSC does not markedly alter lymph gland homeostasis as revealed by quantitative evaluation of the different hemocyte populations. Notably, the blood cell progenitor population is preserved in PSC-less LG. In addition, Antp mutant larvae, which are also devoid of PSC, do not display the differentiation phenotype observed in col mutant. Actually, in contrast to col larvae, PSC-ablated and Antp larvae still express low levels of Col in the prohemocytes. Knockdown and rescue experiments indicate that col expression in the prohemocytes is required to prevent their differentiation. We thus propose that maintenance of blood cell progenitor fate is intrinsically controlled by col and does not require a supportive niche function from the PSC.
Results
Genetic Ablation of the PSC. To obtain LG devoid of PSC, we induced the overexpression of the proapoptotic protein Reaper (Rpr) using two drivers, col-GAL4 and Antp-GAL4, which are expressed in the PSC from its specification at embryonic stage 16 onward (10, 11) . We used a UAS-mCD8 GFP transgene to label the targeted cells and immunostaining against the cleaved form of Death Caspase 1 (Dcp1) to reveal cell death induction. Previous lineage-tracing experiments showed that col-GAL4 is expressed solely in the PSC in the primary lobes and sporadically in posterior lobes (17) , whereas Antp-GAL4 is expressed in the PSC as well as in some cardiomyocytes present between the primary lobes (20) (Fig. 1 and Figs. S1 and S3). Besides the LG, an overview of the expression pattern of these two drivers during embryonic and larval development is presented Fig. S1 .
col-GAL4-driven expression of Rpr (col > rpr) did not cause cell death in the embryonic PSC (Fig. S2 ), but it strongly reduced PSC cell number in second (L2) and third (L3) instar larvae, respectively ( Fig. 1 A, B, D , and E). Quantifications showed that PSC cell number dropped by more than 95% in L2 and L3 larvae following Rpr expression ( Fig. 1 C and F) , with ∼80% of the LG having no PSC cell left and ∼20% harboring only 1-5 cells. In addition, ∼87% of the rare GFP + cells observed in the posterior part of col > rpr primary lobes were Dcp1 + ( Fig. 1 C and F) . Cell death was also consistently induced by Rpr in GFP + cells of the posterior lobes (arrow heads in Fig. 1 B and E) and a few GFP
−

Dcp1
+ cells were sporadically observed both in control and col > rpr LG. To confirm that the PSC was ablated, we analyzed the expression of the PSC marker Antp (11) and found that it was absent in col > rpr LG (Fig. 1H) . Quantification of GFP + Antp + cells showed that PSC cell number dropped from ∼43.3 in control L3 larvae to ∼0.3 following Rpr expression (Fig. 1I ). Similarly, HhF4-GFP reporter gene expression, which recapitulates Hh expression in the PSC (21), was abolished in col > rpr LG (Fig. 1K ). These data indicate that col-driven expression of Rpr leads to an efficient ablation of the PSC at least from the L2 stage and that no ectopic PSC-like structure is reestablished. We could not obtain viable larvae when Antp-GAL4 was crossed to UAS-rpr. To overcome this lethality, we restricted the temporal expression of Rpr to the L2 and L3 stages using the GAL80 ts system (22) (Materials and Methods). Under these conditions, we obtained L2 and L3 larvae in which more than 90% of the PSC cells were ablated as revealed by GFP expression and quantifications (Fig. S3 ). Immunostaining against Dcp1 showed that ∼56% of the remaining GFP + cells were apoptotic and no ectopic cell death seemed to be induced in the LG (Fig. S3 ). Moreover immunostaining against Col confirmed that the PSC was ablated or severely reduced (Fig. S3 ). Given the lethality associated with Antp-driven expression of Rpr, we chiefly used col-GAL4 to generate PSC-less larvae.
PSC Ablation Does Not Induce Blood Cell Differentiation or Hinder the
Maintenance of a Pool of Undifferentiated Hemocytes. Next, we assessed whether col-GAL4-driven expression of Rpr affects LG homeostasis. According to the current model, PSC ablation is expected to cause a major increase in blood cell differentiation at the expense of the prohemocyte population. Instead, we observed no increase in the expression of the crystal cell marker Hnt or the plasmatocyte marker Cg-GFP in PSC-less LG compared with controls ( Fig. 2 A, B , D, and E). In particular, we did not observe precocious hemocyte differentiation in the secondary lobes of PSC-less larvae ( Fig. 2 B and E), as is the case in col mutants (refs. 10 and 12 and Fig. 3 B and E). Quantitative analyses demonstrated that PSC-less LG exhibited a decrease in crystal cell differentiation (Fig. 2C ), whereas plasmatocyte differentiation was not affected (Fig. 2D) . Lamellocytes, which are normally absent in wild-type larvae, were not present either in PSC-less individuals (Fig. S4 ). As it was proposed that the PSC is required for lamellocyte induction in response to wasp infestation (10, 12), we checked whether PSC ablation abrogated this response. Accordingly, we found that PSC-less LG failed to differentiate lamellocytes following infection by Leptopilina boulardi while this ). (J and K) Antp and Hh-GFP expression in HhF4-GFP;col-GAL4 (J) or HhF4-GFP;col-GAL4;UASrpr (K) third instar lymph glands. Student's t test: ****P < 0,0001.
cell type was induced in infected control larvae, as revealed by in situ hybridization against the lamellocyte marker α-PS4 (23) (Fig. S4) .
The above results suggest that PSC ablation does not promote prohemocyte differentiation. To confirm this, we specifically analyzed the blood cell progenitor population by assessing the expression of tepIV, which is expressed in the inner domain of the MZ as well as in the posterior lobes (ref. 23 and Fig. S5) , and the expression of the domeMESO reporter (DM-GFP), which marks the whole MZ and some prohemocytes of the secondary lobes (10) . In PSC-less LG, the expression of tepIV and domeMESO in the primary and secondary lobes was similar to that seen in control larvae (Fig. 2 G, H, J, and K) . Furthermore, quantification of the proportion of cells expressing these two markers in the primary lobes showed no difference between control and PSC-less larvae ( Fig. 2 I and L) , demonstrating that PSC-less LG maintain their pool of blood cell progenitor.
In late L3 larvae, most cells of the LG are quiescent. The transition from active proliferation (until the early L3 stage) to quiescence is associated with hemocyte differentiation (24, 25) , and signaling from the PSC was implicated in regulating blood cell quiescence (11) . We thus assessed proliferation in early and late L3 LG (Fig. 2 M and N and Fig. S4 ) using immunostaining against phosphorylated Histone H3, which labels cells undergoing mitosis. In line with previous observations (24) , the mitotic index of control LG dropped from early to late L3 stages (Fig. 2O) . However, the mitotic index of col > rpr LG was similar to that of control LG (Fig. 2O) , suggesting that the PSC is not required for blood cell proliferative quiescence.
In sum, these data indicate that col > rpr-induced PSC ablation has only a limited impact on LG homeostasis, except in response to L. boulardi infection, when it impairs lamellocyte production.
Notably, it appears that the PSC is not continuously required for the maintenance of a pool of undifferentiated blood cells. Consistent with these observations, PSC ablation using Antp-GAL4-driven expression of Rpr was not visibly associated with increased crystal cell or plasmatocyte differentiation and did not significantly affect prohemocyte maintenance (Fig. S3 ).
Antp and col Mutant Lymph Glands Are Devoid of PSC but Display Distinct Phenotypes. Col and Antp are required for PSC formation during late embryonic development and col as well as Antp mutant are devoid of PSC (10) (11) (12) 21) . Moreover, all progenitors differentiate into crystal cells and plasmatocytes in col mutant LG (10, 11) , and an increase in crystal cell differentiation was LG (11) . Accordingly, we found that col −/− LG exhibit massive crystal cell and plasmatocyte differentiation in primary lobes as well as in secondary lobes, as revealed by Hnt and P1 immunostaining, respectively, whereas expression of the prohemocyte marker tepIV was lost (Fig. 3 B, E , and H). These phenotypes are in sharp contrast with that of Antp 17 /Antp 25 LG that do not present a marked increase in differentiation and uphold tepIV expression (Fig. 3 C, F, and I) . In fact, reminiscent of PSC-depleted LG, Antp 17 /Antp 25 LG harbored a normal proportion of tepIV + prohemocytes (Fig. S6) , indicating that Antp is not required for prohemocyte maintenance. Comparable results were obtained in Antp 17 /Antp 18 mutant LG (Fig. S6) . Moreover, we did not find evidence for increased differentiation either when we assessed the expression of the crystal cell marker PPO1 or when we quantified the expression of the prohemocyte marker domeMESO (Fig. S6) . However, consistent with previous findings (11, 21) , Antp mutant larvae lacked a PSC as revealed by Col and Antp immunostaining (Fig. 4E and Fig. S6 ). The striking phenotypic differences between PSC-depleted or Antp mutant on the one hand and col mutant on the other hand led us to postulate that col could be required outside of the PSC to maintain the pool of undifferentiated hemocytes.
Collier Is Required in the Prohemocytes to Keep Them Undifferentiated.
Indeed, Col is not only expressed in the PSC but also in the MZ and in the posterior lobes, albeit at much lower level (Fig. 4 A and A') (26). This observation was confirmed by in situ hybridization against col mRNA (Fig. 4B) . Moreover, double labeling experiments showed that low Col expression coincides with tepIV-positive prohemocytes (Fig. S5) . Interestingly, this low expression of Col in the MZ is absent in col mutant larvae (Fig. 4C ) but persists in PSC-depleted ( ) larvae, therefore suggesting that the differentiation phenotype associated with col mutation might be due to col expression in the progenitors rather than to the lack of PSC.
To test this hypothesis, we inhibited Col expression specifically in the prohemocytes using a UAS-col dsRNA transgene whose expression was shown to reproduce col loss of function in different tissues (27, 28) . As shown in Fig. 5B ', tepIV-driven expression of col dsRNA (tepIV > iCOL) was sufficient to knock down Col in the prohemocytes, without affecting its expression in the PSC and the pericardial cells. In these conditions, we observed a precocious and robust increase in the expression of the plasmatocyte differentiation marker Cg-GFP both in primary and secondary lobes (Fig. 5B) . Moreover, tepIV > GFP expression was strongly diminished, indicative of a concomitant loss of progenitors (Fig. 5D') . Conversely the expression of the early differentiation marker Cut (7) was increased (Fig.  5D) . Similarly, dome-driven expression of col RNAi promoted hemocyte differentiation and impaired prohemocyte maintenance (Fig. S7) . We then tried to rescue col mutants by reexpressing Col specifically in the prohemocytes. Importantly, dome-driven expression of Col was sufficient to restore a large population of dome > GFP + progenitors and partially suppressed the differentiation phenotype associated with col loss as revealed by P1 and Hnt immunostaining (Fig. 5 G and K, respectively) . In addition, consistent with previous results (10), dome-driven overexpression of Col in wild-type larvae repressed blood cell differentiation (Fig. 5 H and L) . However, Col overexpression was not sufficient to prevent lamellocyte differentiation in response to wasp infestation (Fig. S4) . All together, these data strongly suggest that col expression is required in the progenitors to prevent their premature differentiation.
Discussion
Understanding how the balance between stem and differentiated cell populations is controlled is an important biological question. In a number of cases, stem cell fate maintenance depends on interactions with a group of cells that form a niche (8). In ; UAS-col (G and K) and dome-GAL4,UASmCD8GFP; UAS-col (H and L) stained against P1 (E-H) or Hnt (I-L). Nuclei were stained with Topro3.
Drosophila larval lymph gland, several lines of evidence suggested that the PSC functions as a hematopoetic niche. In contrast with this model, our results indicate that the PSC is dispensable for prohemocyte maintenance, and we further show that prohemocyte differentiation observed in col mutant is rather due to Col function in these cells than to the lack of PSC.
Part of our evidence relies on the expression of the proapoptotic gene Rpr in the PSC. We cannot exclude that PSC cell apoptosis induces a compensatory mechanism that would explain the (lack of) phenotypes we report. However, we did not find evidence that PSC ablation leads to the development of a secondary niche expressing Col, Antp, or Hh. Rpr expression did not eliminate the PSC from the embryonic stage, but was sufficient to remove more than 95% of the PSC cells at least from the L2 stage onward. It is thus conceivable that transient interaction between the embryonic PSC (or residual PSC cells) and prohemocytes may be sufficient for proper lymph gland development. However, consistent with our ablation experiments, we observed that Antp larvae, in which the PSC does not form (11) , also preserve a normal proportion of prohemocytes. Thus, we suggest that the PSC does not function as a niche required for blood cell progenitor maintenance. Several lines of evidence supporting the niche function of the PSC are based on ectopic or overexpression of various proteins in the PSC to alter its size and activity (11, 13, 15, 17, 21, 29) . These manipulations may not always reflect the real function of the PSC as they can cause sustained activation of abnormal programs that indirectly impinge on prohemocytes.
In line with previous observations (10, 12), we found that PSC ablation abrogates lamellocyte differentiation in response to L. boulardi infection. Similar observations were made in col larvae (10, 12) and it was shown that wasp infection causes an increase in NF-κB signaling (30) , ROS levels and Eiger expression in the PSC (14) , leading to lamellocyte differentiation. Thus, the PSC seems required as a relay for mounting the cellular immune response to parasitic wasp infestation. Of note, however, the PSC is not orchestrating the LG response to all systemic inputs. For instance, food deprivation or odors have been found to directly impinge on prohemocyte fate (17, 31) . All together, these findings underscore the regulatory role of the PSC, which acts as a signaling hub to fine-tune hematopoiesis but whose presence is not essential for LG homeostasis under laboratory breeding conditions.
The role of the PSC as a niche has also been inferred using zygotic mutations in col or Antp that disrupt PSC formation (10, 11) . Although it was reported that Antp mutation leads to an increase in crystal cell differentiation (11) , our data show that Antp loss does not phenocopy the differentiation phenotype caused by col mutation. Notably, Antp −/− LG lack a PSC but maintain a large prohemocyte population. Our data strongly suggest that the massive differentiation observed in col mutant is not due to the absence of PSC but to col function in the prohemocytes. This conclusion is supported by (i) the expression pattern of col in the LG, (ii) analyses of PSC-ablated and Antp −/− mutant LG, and (iii) targeted knock-down and rescue experiments of col. Our results also help understand why col −/− LG exhibit differentiation in the posterior lobes as it was unclear how the PSC niche could promote prohemocyte maintenance there. Although Antp is required for Col expression in the PSC (11) , further work will be required to identify the signals and transcription factors that regulate col transcription in the MZ and posterior lobes.
In conclusion, the EBF transcription factor Col appears to play multiple roles within the LG. Its expression in the PSC is required for controlling PSC fate and cell number (10) (11) (12) 15) , whereas its expression in the prohemocytes prevents their premature differentiation. One Col mouse ortholog, Ebf2, has been shown to promote hematopoietic stem cell (HSC) maintenance by regulating the development of osteoblastic cells, which are part of the HSC niche (32) . Whether some EBF family members also cell-autonomously control HSC maintenance in mammals remains to be addressed. Future work aiming at deciphering the regulation and the mechanisms of action of col in the different compartments of the LG should bring valuable insights into the intricate processes that govern blood cell homeostasis and shed further light on the contextdependent mode of action of EBF transcription factors. Besides Col expression, other safeguard mechanisms exist to sustain prohemocyte fate. For instance, progenitor maintenance is intrinsically promoted by ROS signaling (33) as well as by signaling from the differentiated blood cells (34) . The extracellular matrix of the MZ is also creating a particular microenvironment that controls prohemocyte behavior (35, 36) and it is tempting to speculate that the dorsal heart vessel, which is lining the LG, may also participate in this process. It is anticipated that decrypting the complexity of LG functional organization will reveal further parallels with the mammalian hematopoietic niche, which is itself composed of different cells types (37) , and bring to light new mechanisms involved in the regulation of blood cell progenitor fate.
Materials and Methods
Fly Strains. The following D. melanogaster stocks were used: col-GAL4 (10), Antp-GAL4 (11), tepIV-GAL4 (38), dome-GAL4 (39), UAS-col RNAi All crosses were performed on standard fly medium (80 g/L corn flour, 15 g/L dry yeast, 60 g/L sucrose, 9 g/L agar) at 25°C except for Antp-GAL4-driven expression of Rpr, which was lethal at this temperature. Thus, Antp-GAL4,UAS-mCD8GFP flies were crossed to UAS-rpr,tub-GAL80 ts or w flies, and their progenies were shifted from 18°C to 25°C at the end of the first instar larval stage. For wasp infection, batches of 30-s instar larvae were submitted to egg laying by 10 L. boulardi (strain G486) females for 2 h and analyzed 36 h later.
Lymph Gland Stainings. Immunolabeling and in situ hybridization were performed as described in (38) . The following antibodies were used: anti-Antp, anti-Hnt, anti-Cut (Developmental Studies Hybridoma Bank), anti-Col (43), anti-P1/NimrodC1 (44), anti-PPO1 (45), anti-phospho-Histone H3(Ser10) (p-H3, Upstate), anti-cleaved Dcp1 (Cell Signaling Technologies), anti-GFP (Torrey Pines), anti-DIG (Roche), and Alexafluor-488-or -555-conjugated secondary antibodies (Molecular Probes). DIG-labeled antisense RNA probe against tepIV, α-PS4, and col were used for in situ hybridization. Lymph glands were imaged using laser-scanning microscopes. Confocal images are displayed as Maximum Intensity Projections of the lymph glands.
Image Analyses. For quantifications, lymph glands were scanned at optimized number of slices using Leica SP5 confocal microscope. Crystal cell and mitotic indexes were respectively calculated as the number of Hnt + or p-H3 + cells (quantified using Volocity software) in each primary lobe reported to the estimated lobe's volume. Plasmatocyte differentiation index was determined from the analysis of Cg-GFP expression (quantified using Volocity software) reported to the lobe volume. tepIV and domeMESO-GFP expression indexes were assessed by determining the area of labeled cells reported to the area of the primary lobe, as measured with Image J software after Maximum Intensity Projections of the confocal images. Statistical analyses were performed using Prism5 software. At least 10 samples were analyzed for each genotype.
